This study examined the effects of surface-passivation on the photoluminescence ͑PL͒ properties of ZnS:Mn nanoparticles treated by ultraviolet ͑UV͒ irradiation with oxygen bubbling. Compared to the pristine Mn-doped zinc-sulfide nanocrystals ͑quantum efficiency: ϳ16%͒, the UV-irradiated ZnS:Mn showed significantly enhanced luminescence properties ͑quantum efficiency: ϳ35%͒. The photoinduced surface passivation was characterized by x-ray diffraction, x-ray photoelectron spectroscopy, and time-resolved PL. The optimum thickness of the passivation layer for the quantum efficiency was examined considering the nanocrystal size, local strain, and radiative/nonradiative recombination rates. © 2010 American Institute of Physics. ͓doi:10.1063/1.3431267͔ Luminescent semiconductor nanocrystals synthesized via colloidal chemistry routes have attracted increasing attention over the past few decades. [1][2][3][4][5] [6] [7] The surface properties have significant effects on their optical properties because a large portion of atoms are located at or near the surface of nanoparticles. Surface atoms usually have unsaturated or dangling bonds, and heterostructural interfaces also contain strain-induced defects. These induce extra electronic states in the band gap, which act as electron/hole-trapping centers that potentially quench the photoluminescence ͑PL͒. Therefore, strategies have been developed to increase the quantum yield of nanoparticles by suppressing the energy-loss processes at the nanoparticle surface.
This study examined the effects of surface-passivation on the photoluminescence ͑PL͒ properties of ZnS:Mn nanoparticles treated by ultraviolet ͑UV͒ irradiation with oxygen bubbling. Compared to the pristine Mn-doped zinc-sulfide nanocrystals ͑quantum efficiency: ϳ16%͒, the UV-irradiated ZnS:Mn showed significantly enhanced luminescence properties ͑quantum efficiency: ϳ35%͒. The photoinduced surface passivation was characterized by x-ray diffraction, x-ray photoelectron spectroscopy, and time-resolved PL. The optimum thickness of the passivation layer for the quantum efficiency was examined considering the nanocrystal size, local strain, and radiative/nonradiative recombination rates. © 2010 American Institute of Physics. ͓doi:10.1063/1.3431267͔ Luminescent semiconductor nanocrystals synthesized via colloidal chemistry routes have attracted increasing attention over the past few decades. [1] [2] [3] [4] [5] [6] [7] The surface properties have significant effects on their optical properties because a large portion of atoms are located at or near the surface of nanoparticles. Surface atoms usually have unsaturated or dangling bonds, and heterostructural interfaces also contain strain-induced defects. These induce extra electronic states in the band gap, which act as electron/hole-trapping centers that potentially quench the photoluminescence ͑PL͒. Therefore, strategies have been developed to increase the quantum yield of nanoparticles by suppressing the energy-loss processes at the nanoparticle surface.
Many studies have examined the surface passivation effects of nanocrystals by photoactivation. [8] [9] [10] [11] [12] Bol et al. 8 suggested that the photo-oxidation products formed by ultraviolet ͑UV͒ irradiation presumably can be a good passivating layer that can reduce the extent of nonradiative recombination. Holloway's group examined the formation of ZnSO 4 on the surface of ZnS by UV irradiation. 9 Biju et al. 10 investigated the PL quantum efficiency and lifetime of CdSe quantum dots under photoactivation in different chemical environments, and Wang et al. 11 correlated the PL quantum efficiency of QDs to the light-induced surface defects. However, systematic characterizations for the PL enhancement mechanisms of the passivation layer have not been sufficient, even though they reported that oxygen dissolved in a solvent plays important roles in forming a passivation layer of nanoparticles. [10] [11] [12] This paper reports highly luminescent surface-passivated ZnS:Mn nanoparticles treated by UV irradiation with oxygen bubbling, because it is essential to supply oxygen constantly during the photoactivated surface-passivation process that has been ignored by most researchers. The optimum thickness of the passivation layer for quantum efficiency was examined, and correlated with the capping-layer thickness, crystallinity of nanoparticles, and radiative/nonradiative recombination rates.
The ZnS:Mn nanoparticles were synthesized using a liquid-solid-solution method for preparing nearly monodispersed nanoparticles. [13] [14] [15] [16] First, zinc acetate dihydrate ͓Zn͑CH 3 COO͒ 2 ·2H 2 O, 0.66 g͔ was dissolved in distilled water ͑10 ml͒ and stirred to achieve complete dissolution. Thioacetamide ͑CH 3 CSNH 2 , 0.225 g͒, as a sulfur source, and manganese nitrate ͓Mn͑NO 3 ͒ 2 , 0.05 g͔ were dissolved in ethanol ͑10 ml͒ and distilled water, respectively. A zinc-acetate solution was placed into an autoclave followed by the addition of the manganese-nitrate solution. Sodium linoleate ͓͑C 17 H 31 ͒COONa, 0.1 g͔ and a thioacetamide solution were added to the resulting solution. Linoleic acid ͓͑C 17 H 31 ͒COOH, 0.2 ml͔ was added to control the reaction rate. The autoclave was sealed and heated at 90°C for 10 h. The resulting mixture was centrifuged, cleaned several times with ethanol, and dried at 60°C for 5 h. All of the powders were annealed at 450°C for 3 h in air, to remove both the water and organic capping, and enhance the crystallinity. After synthesis, ZnS:Mn nanoparticles dispersed in CHCl 3 ͑boiling temperature: 61.2°C͒ were treated by UV irradiaa͒ Electronic mail: byungwoo@snu.ac.kr. tion with oxygen bubbling either at 25 or 40°C. The wavelength and power density of UV light were 254 nm and 390 Wcm −2 , respectively. The nanostructures of the ZnS:Mn nanoparticles were analyzed by x-ray diffraction ͑XRD, M18XHF-SRA, MAC Science͒. The PL spectra were measured using a spectrofluorometer ͑FP-6500, JASCO͒ with a Xe lamp, and the absorption spectra were recorded on a ultraviolet/visible spectrophotometer ͑Lambda 20, Perkin-Elmer͒. The chemical-bond states of the ZnS:Mn nanoparticles were analyzed by x-ray photoemission spectroscopy ͑XPS, AXIS, Kratos͒ with Mg K␣ radiation. The time-resolved PL ͑TR-PL͒ decay curves were measured using a picosecond laser system ͑FLS920P, Edinburgh͒.
The PL emission spectra of the ZnS:Mn nanoparticles were measured with 325 nm excitation at room temperature, as shown in Fig. 1 . The emission peak at ϳ580 nm was attributed to the 4 T 1 -6 A 1 transition of Mn 2+ ions. Since the crystal-field splitting is almost the same, there are no peak shifts as a function of the irradiation time. 17 The luminescence intensity improved continuously with increasing irradiation time up to 12 h. However, a decrease in luminescence intensity occurred after 12 h under UV irradiation with oxygen bubbling, indicating the existence of an optimum passivation-layer thickness. To examine the luminescence properties quantitatively, the quantum efficiency of the colloidal ZnS:Mn sample was estimated using Rhodamine 6G in ethanol ͑quantum efficiency of approximately 95% for an excitation wavelength of 480 nm͒ by comparing their absorbance.
The XRD patterns of the ZnS:Mn nanoparticles were measured at different irradiation times, as shown in Fig. S1 ͑see Ref. 18͒. All samples exhibited a cubic zinc-blende structure and there were no secondary phases in the ZnS:Mn nanocrystals. Table SI ͑see Ref. 18͒ shows the nanoparticle size and nonuniform distribution of the local strain ͑crystal-linity͒ estimated from the Scherrer equation of ⌬k versus k ͓the scattering vector k = ͑4 / ͒sin ͔. The three peaks were fitted using a double-peak Lorentzian function for K␣ 1 and K␣ 2 . A nonuniform distribution of local strain ͑⌬d / d with k =2 / d͒ was obtained from the slope of the ⌬k versus k plot, 13, 14, [19] [20] [21] as shown in Fig. S2 ͑see Ref.
18͒. The grain size decreased gradually with increasing UV irradiation time because crystalline ZnS near the surface transforms to a ZnSO 4 capping layer. 9 In addition, there was an abrupt increase in local strain after optimum irradiation time ͑12 h͒, probably due to the reformation of interface defects induced by lattice mismatch between the passivation layer and crystalline ZnS nanostructures. 21 In the present case, the optimum thickness of the passivation layer was roughly estimated to be ϳ0.5 nm, from the grain size of 7.0Ϯ 0.4 nm ͑ Х 16%͒ to 6.0Ϯ 0.5 nm ͑ Х 35%͒. Figure 2 shows the XPS peaks corresponding to Zn 2p, S 2p, and O 1s for the ZnS:Mn nanocrystals at various irradiation times. XPS analysis, which is quite sensitive to the surface chemical-bonding state, was used to characterize the passivation layer. The marked peak positions denote those of the standard samples of ZnS, ZnSO 4 , and ZnO. The binding energies of the Zn 2p peaks in pristine ZnS:Mn were similar to those of the pure ZnS or ZnO. However, the binding energies of the Zn 2p 1/2 and Zn 2p 3/2 peaks ͑ϳ1046 and 1023 eV͒ in the UV-irradiated ZnS:Mn nanoparticles were similar to those of the standard ZnSO 4 . 9, 13 In Fig. 2͑b͒ , the S 2p peak of the nonirradiated sample only showed a peak at ϳ163 eV. However, the UV-treated ZnS:Mn nanocrystals showed two peaks, one at ϳ170 eV corresponding to the sulfur peak of ZnSO 4 . Moreover, the UV-treated ZnS:Mn nanocrystals showed a strong O 1s peak at ϳ531 eV, corresponding to the oxygen peak of ZnSO 4 , as shown in Fig. 2͑c͒ . ͑The pristine ZnS nanoparticles exhibited a broad O 1s peak from the 450°C annealing in air.͒ Consequently, the XPS results indicated the formation of a passivation layer ͑ZnSO 4 ͒ in the ZnS:Mn nanoparticles treated by UV irradiation with oxygen bubbling. This might be due to a photon-assisted chemical reaction between the nanoparticles and oxygen dissolved in CHCl 3 . 10, 22 Figure S3 ͑see Ref. 18͒ shows the PL spectra of the ZnS:Mn nanoparticles heated at 40°C by UV irradiation with oxygen bubbling because the diffusion of oxygen through the ZnSO 4 layer is one of the limiting factors in the growth of the passivation layer. The quantum efficiency of the ZnS nanoparticles treated at 40°C increased at a slightly higher rate than that of the sample treated at 25°C, as shown in the inset of Fig. 1 . However, the maximum quantum efficiencies of the samples treated at RT and 40°C were the same, probably due to the existence of an optimum thickness.
The band gap energy ͑E g ͒ of the ZnS:Mn nanocrystals was estimated from the absorption spectrum, as shown in Fig. S4 ticle increased with UV irradiation time due to the quantumconfinement effect. The theoretical band gap energy can be calculated by Brus equation as follows:
The experimental band gap energy was comparable to the theoretical band gap energy by considering the radius of the nanoparticle ͑R Х 3 nm͒, effective masses ͑m e ‫ء‬ = 0.25m e and m h ‫ء‬ = 0.59m e ͒, 24 and dielectric constant ͑ = 8.3͒. 25 TR-PL measurements were performed to determine the carrier dynamics in the nanoparticles, as shown in Fig. S5 . The decay curves were analyzed in terms of the radiative/nonradiative recombination rates, as k total = k rad + k nonrad , where k total , k rad , and k nonrad are the total, radiative, and nonradiative recombination rates, respectively. The quantum efficiency ͑͒ is the ratio of radiative recombination to the total recombination as follows:
where the decay time ͑ = ͑k total ͒ −1 ͒ was acquired from a single-exponential fitting of the PL decay curve.
Table SII ͑see Ref. 18͒ shows the quantum efficiency and radiative/nonradiative recombination rates of ZnS:Mn nanoparticles at different irradiation times. There were obvious correlations between the quantum efficiency and nonradiative recombination rate ͑Fig. 3͒. The nonradiative recombination rates were inversely proportional to the quantum efficiency, indicating that the restriction of nonradiative loss by the passivation layer is the main reason for the enhanced quantum efficiency. However, the resulting radiative recombination rate showed a similar value irrespective of the irradiation time, which suggests that the passivation layer has a negligible effect on the radiative recombination rate. Figure 3 is quite indicative of the optimal coating layer thickness, correlating the quantum efficiency, grain size, local strain, radiative recombination rate, and nonradiative recombination rate as a function of the irradiation time.
In conclusion, surface-passivation effects on the PL properties of ZnS:Mn nanoparticles were examined systematically by controlling the UV irradiation time with a constant oxygen supply. The UV-treated ZnS:Mn nanocrystals ͑ Х 35%͒ showed significant improvement in the luminescence properties compared to the pristine Mn-doped zinc sulfide ͑ Х 16%͒. The enhanced PL properties were attributed to the effective suppression of nonradiative recombination by the surface-passivation layer. Photon Energy (eV) irradiation times. The inset shows the corresponding plot of (αhν) 2 vs. photon energy, and the linear fit for E g . The theoretical bandgap energy was calculated using the Brus equation [23] . 
